Abstract: The probability for the oil accident to occur at the Gulf of Finland has been increasing last ten years and it is predicted to continue so. The risk is high based on the accident probability and the probable harm caused; some spawning areas of the Baltic herring (Clupea harengus membras) are located in the vicinity of ports and ship fairways with heavy traffic, so any oil spillage there could affect recruitment of this commercially important species. In this study, newly fertilized embryos, the older embryos and the hatched larvae of Baltic herring were exposed to water-accommodated fraction (WAF) made from crude oil. Oil exposure increased most the mortality of the hatched larvae, and larvae hatched during the exposure were more sensitive to the impacts of oil than larvae which were exposed after their hatching. The LC 50 value was 16 % of WAF-solution of crude oil for the exposed larvae. The most tolerant for the oil were the embryos in late embryonic stage (the LC 50 was 44 % of WAF-solution). During the exposure, some malformations i.e. a curving of the notochord were noticed.
INTRODUCTION
The part of the Baltic Sea most heavily used by oil tankers is the Gulf of Finland and it is predicted that by 2020 the amount of oil transported will be 170 million tons according to the slow growth scenario and 200 million tons with a strong growth scenario, which correspond the increase of 13 and 34%, respectively, compared to the year 2009 [1, 2] . In the case of an accident, large and hazardous amounts of crude oil may be spilled into the sea. When oil is spilled, it starts to spread and mix with the water. Oil acts differently in the open sea and when it is dispersed by coastal rocks [3, 4] . In the Gulf of Finland, some spawning areas of the Baltic herring are located in the vicinity of ports and ship fairways with heavy traffic [5] , so any oil spillage there could affect recruitment of this commercially important species.
Generally, the nature and duration of impacts from an oil spill depend on several factors: most important are the amount of crude oil and its behaviour once spilled, the weather conditions and season [4] . The characteristics of crude oil also affect how it behaves once spilled [6] . The relative density describes the buoyancy of oil, distillation properties describe the ability of oil to evaporate from water, viscosity describes the resistance of flow and below the *Address correspondence to these authors at the University of Helsinki, Fisheries and Environmental Management Group, Department of Environmental Sciences, Heikinkatu 7, FI-48100 Kotka, Finland; Tel: +358504150609; E-mail: riikka.venesjarvi@helsinki.fi melting point the oil solidifies [4] . Most of the weathering processes undergo within the first 30 hours. The most visible process is the spreading over the sea surface, which is affected by weather conditions e.g. streams, wind speed and currents [6] . The dominant factor removing oil from the sea environment is evaporation [4, 6] . On the other hand, immediately after the spill the oil can multiply its volume three times by emulsification. After the first 24 hours oil starts to sediment [4] . Altogether the oil can affect directly or indirectly the living environment of the Baltic herring for a year [4] . The medium-weight components of crude oils pose the greatest environmental risks to organisms because those are more persistent and the polycyclic aromatic hydrocarbons (PAHs) have high toxicities [6] . PAHs are causing the most concern of chemical components of oil products regarding environmental risk [7] [8] [9] . It is noteworthy that PAHs are more persistent in arctic waters [10] .
The early development of fish larvae is affected by crude oil in many ways. Crude oil exposure affects the length of hatched larvae of the Baltic herring (Clupea harengus) [11, 12] . Brown et al. [13] also reported that the weight of Pacific herring (Clupea pallasi) larvae is smaller after oil exposure. A curving of the notochord and other malformations are commonly observed after crude oil exposure [7, 8, [11] [12] [13] [14] . Sublethal effects caused by embryonic PAH exposures include e.g. edemas, changes in progeny, neuronal cell death, failed inflation of the swim bladder and anemia [14] [15] [16] . Alkylphenanthrenes are PAH constituents of crude oil and have been implicated in the toxicity of crude oil es-pecially to the early states [17] . PAH toxicity is linked to aryl hydrocarbon receptor (AhR) and alkylphenanthrenes such as retene are shown to produce AhR-dependent cardiac toxicity [17] . Crude oil exposure has been reported to shorten the hatching time of Pacific herring [9, 13] , while according to Lindén [11] the mortality of Baltic herring during oil exposure is highest immediately after hatching. On the other hand, Brown et al. [13] did not observe increased egg mortality during embryonic incubation after exposure of Pacific herring to crude oil when eggs were collected from oiled sites after the Exxon Valdez oil spill and then hatched in the laboratory.
Our objectives were to study how exposure to crude oil affects newly fertilized embryos, embryos in the late stages of development and hatched larvae of the Baltic herring. The exposures were carried out at temperatures and exposure levels of the water-accommodated fraction of crude oil (three exposure levels and control) that correspond the predicted field conditions after oil spill during early development of herring in spring [5] .
MATERIALS AND METHODS
Mature females and males of Baltic herring were caught on 4 May 2007 by fyke nets from an area in front of the town of Hamina on the Eastern Gulf of Finland. The fish were packed in ice and transported within six hours to the University of Jyväskylä where eggs from one ripe female were stripped and fertilized by the milt from five males by the dry method.
From 100 to 150 eggs were deposited on a glass slide and fertilized by 2 mL of milt at 10⁰C. Four slides were first placed in a Petri dish (diameter 15 cm) with 5‰ artificial seawater (Instant Ocean, Spectrum Brands Inc.), the Petri dishes were shaken gently for five minutes until the water had turned milk white and were then flushed gently with clean seawater. After fertilization, slides were selected randomly and a fixed number was transferred to each of the experimental glass dishes (16 slides for early embryo exposures). A further 30 slides were transferred to two aerated hatching containers in order to collect newly hatched larvae for the following exposure experiments.
Three oil exposures for the herring eggs and larvae at different developmental stages were performed. The first exposure started immediately after fertilization, while the second was made with the embryos in the late embryonic stage and the third with hatched larvae. All embryos and larvae were exposed only once in the experimental exposures (no repeated exposures). Three treatment levels were used: 5, 40 and 80% WAF-solution (water-accommodated fraction, 29) of crude oil. A control exposure was carried out in clean artificial seawater. WAF-solution was made from Primorsk Export Blend -crude oil (which is a blend from Russian crude oils) and artificial seawater. The ratio for crude oil and seawater was 1:9. The solution was made in a 1 L glass bottle which was shaken for 24 hours in a mixer at 100 rpm. The oil phase was then pipetted from the bottle and the remaining water fraction was used to make the dilutions needed in the experiments. The dilutions were made in 1 L glass bottles.
All exposures were made in 1.5 L glass dishes with 0.5 L of water. The first exposure started after fertilization when the eggs were attached to the slides in the glass dishes. In every exposure there were 16 test dishes, four controls and four of each of the three treatments. The exposure lasted 96 hours and every 24 hours 0.25 litres of water were taken out from the test dishes and replaced by new test water. The light rhythm was adjusted to 14:10 hours (Light:Dark) per day. After the exposure period, the numbers of living and dead eggs were counted and all visible abnormalities were recorded. The fertilized eggs did not reach the late embryonic stage corresponding the eyed state during the first exposure.
The second exposure started when 50 % of embryos in the hatching containers had reached the eyed stage. 16 randomly selected slides were transferred to the exposure and control dishes. The test protocol was similar to that in the early embryonic exposure. Again, the exposure lasted 96 hours and the test water was changed every 24 hours. During the exposure part of the embryos hatched. From every dish the number of eggs and hatched larvae and their mortality were recorded. Visible abnormalities, such as curving the notochord, were also recorded.
The third exposure started when 50 % of embryos in the hatching container had hatched. 30 newly hatched larvae were added by Pasteur-pipette with cutted suction tip to each test dish with the solutions of 0, 5, 40 and 80 % WAF. To oxygenate the water the test solution was not changed but new test solution was added so the larvae would not be re- The differences in the percentage mortality of embryos and larvae between treatments were tested with one-and two-way ANOVA. The percentages were arcsin√x-transformated before testing. The combined effect of oil exposure and developmental stage was also tested. In order to determine LC 50 -values (lethal concentration where 50% of embryos or larvae died) for all exposures probit analyses [18] were carried out. Control groups were included in the analysis.
RESULTS
The WAF exposure during early development increased the mortality of Baltic herring (2-way ANOVA with WAF level and developmental stage as the independent variables: F 3,180 = 49.288; p < 0.001). When the WAF level was 80 % only 10 % of fertilized eggs survived during 96 hours exposure (Fig. 2) . The developmental stage also affected the mortality significantly (F 2,180 = 36.601; p < 0.001), since some of the stages were more sensitive. The WAF level and the developmental stage also had a combined effect on the mortality of Baltic herring (F 6,180 = 11.293; p < 0.001).
Exposure immediately after fertilization significantly affected the mortality of eggs (1-way ANOVA: F 3,60 = 171.722; p < 0.001). There was no difference between the control and 5 % WAF level, but the mortality increased at the higher levels (Fig. 1) . In the first exposures, the LC 50 was 44 % of WAF-solution. The mortality of eggs in the control treatment was 13 %.
Exposure in the late embryonic stage (Exposure 2) did not affect the mortality of Baltic herring (ANOVA: F 3,60 = 3.232; p > 0.05) (Fig. 2) . During this exposure some of the larvae hatched and the mortality of embryos in eggs and of hatched larvae differed. The mortality of embryos and hatched larvae was therefore examined separately (Fig. 2) . The WAF exposure did not affect the mortality of embryos in the late stages of development (ANOVA: F 3,60 = 3.249; p > 0.05) but did affect the mortality of newly hatched larvae (ANOVA: F 3,60 = 393.598; p < 0.001). All hatched larvae died when the levels of WAF-solution were 40 or 80 %. The hatched larvae also had malformations such as notochord curving: in the highest WAF level over 50 % of larvae had several curves in all the way of a notochord. The curving was only noticed in Exposure 2 (Fig. 2) . No other malformations were considered.
In Exposure 3, oil exposure significantly affected the mortality of larvae (ANOVA: F 3,60 = 14.613; p <0.001). The mortality increased towards higher WAF levels ( Fig. 1) and in general was higher than in Exposures 1 and 2: the LC 50 was 16 % of WAF-solution of crude oil. The average larval mortality (in the control treatment (34 %) was higher in Exposure 3 than in the previous Exposures.
DISCUSSION AND CONCLUSION
Newly fertilized eggs (from fertilization to eyed stage) were more sensitive to WAF than eggs in the late embryonic stage (from eyed stage to hatching). According to Rice [18] the tolerance of eggs to the effects of oil increases as their development proceeds. Components of oil can penetrate the plasma membrane of eggs and this penetration ability is highest after fertilization [19] . During Exposure 2 (from eyed stage to hatching) low mortality was observed before hatchings but the WAF exposure caused very high mortality among the hatched larvae; in fact, newly hatched larvae were the stage most sensitive to crude oil exposure in all WAF levels. Either even short exposure after hatching was harmful or, perhaps more likely, some embryonic malformations were not expressed until just after hatching. Thus, embryonic disturbances prior to hatching may be difficult to evaluate if damaged eggs appear viable and hatch successfully. The mortality of exposed embryos was low in control treatments thus it may be assumed that the test protocol in Exposure 1 and 2 did not harm the embryos. The control group mortality was higher in Exposure 3, hence the handling of larvae may have been harmful. Larvae hatched during the exposure (Exposure 2) were more sensitive to the impacts of oil than larvae which were exposed after their hatching (Exposure 3). Moreover, curving of the notochord was noticed only from larvae hatched during the exposure. The curving of the notochord weakens the swimming ability of the larvae [19] which affects their subsequent survival [11, 20] . Our observations are thus consistent with previous studies [12, 21] . According to McIntosh et al. [22] newly fertilized embryos are more sensitive than the newly hatched embryos, which is the opposite of our results. However, it is noteworthy that in this previous study crude oil was dispersed before creating the WAF solution.
According to Rice [17] , fish in the early stages of development are particularly sensitive to the impacts of oil because they do not yet have the necessary structures to process detrimental substances. In larval stage organs are still undeveloped and the accumulation routes of the substances differ from those in adult fish [23] . Levels of oil that can be resisted by embryos protected by a chorion can often be lethal to the larvae [19, 24] , since fish larvae accumulate harmful substances intensively through their skin [19] . Some species (such as cod and salmon) develop tolerance to oil toxicity toward the end of embryonic development but tolerance decreases again when the larvae hatch and continues to fall as the yolk is used [25, 26] .
In this study, the impacts of crude oil depended on the crude oil level and the developmental stage of Baltic herring. In all developmental periods tested here, the highest (80 % of WAF-solution) WAF level caused the highest mortality. No great differences in mortality were evident between the control level and 5 % level. Generally fish kills after oil spills are not documented because toxic concentrations are seldom achieved in marine environments and adult fish are able to avoid surface contamination [18] . Eggs and larvae of Baltic herring cannot avoid oil and most likely will come into contact with it [18] . However, the mortality in the laboratory experiments may not be consistent with the oil-spill-caused mortality in nature since the weathered crude oil is phototoxic i.e. ultraviolet radiation (UV) can be significant and causative factor of the mortality in early stages [27] .
Malformations or aberrations in development in many species are observed in concentrations less than 1 ppm of PAHs [18, 21] . After 12 h exposure in WAF-solution made from similar crude oil as used in this study and sea water in 1:10 ratio, the concentration of PAHs was 2.6 ppm [11] . The concentration used by Lindén [11] was similar to the 80% WAF-concentration used in our study. Also the temperature of 9⁰C used by Lindén [11] was similar to the temperature in our study. Low temperature may affect the ability of fish to metabolise or excrete PAHs and their metabolites, and low temperatures usually increase the retention [18] . Also the exposure of fish to PAHs is greater in low salinity as in our study compared to full salinity (i.e. 32‰) [28] . The salinity level used in this study corresponds to the average level in the GOF [29] . In nature, the levels of 624+/-0.63 ppm were observed in open water in Prince William Sound following the Exxon Valdez oil spill (EVOS) [21] . However, the PAHs can accumulate in the tissues of aquatic organisms and the concentration of PAHs may be higher than in water [30] . When embryos were exposed to the similar concentration of PAHs as in EVOS, after 96 hours the highest total concentration of PAHs in embryos was 7.45 mg/kg. Unfortunately, the PAH composition of WAF used in our study, the stability of WAF over time and the concentrations of PAH analytes in the exposures were not determined.
Altogether, our results indicated that WAF of crude oil at the environmentally realistic concentrations may increase the mortality of embryos and larvae of Baltic herring considerably and thus, endanger the reproduction of local populations of herring and other fishes. However, the results of this study cannot be directly compared to other studies because of the WAF dilution chosen; in our study high concentrations were used (1:9 dilution) compared to e.g. the one used by Couillard et al. [31] (1:1000 dilution). On the other hand, toxic effects of PAHs may not manifest until long after exposure and thus, habitat damage resulting from oil contamination is underestimated by acute toxicity assays [32] . Compounds that can penetrate the chorion and are present in crude oil but not in WAF, act synergistically which increases the toxic effects [20, 23] . Enviromental risk of oil cannot be linked exclusively to PAHs but also to other compounds capable of
